Atomistic-level molecular dynamics (MD) is used to investigate the thermodynamical and mechanical properties of candidate polymer-based hydrogel networks for tissue scaffold-support therapies that serve a predominantly biomechanical function, in particular articular cartilage. The MD uses force field parameters based on quantum mechanical calculations (including atomic charges and torsional potential energy curves). We provide first principles estimates of the entropic and enthalpic contributions to elastic response, cohesive energies, viscosities, and stress-strain characteristics for relevant single and double network hydrogel compositions of poly(acrylamide)-PAAm and poly(2-acrylamido-2-methylpropanesulfonic acid)-PAMPS, aimed at the functional bio-engineering of artificial tissue with high dynamic load requirements (>10's of MPa even at >90 wt-% water contents). Our results indicate the existence of covalent cross-linking mechanisms taking place during the synthesis of interpenetrating double network hydrogels at critical crosslink concentrations and as a function of starter monomer concentrations and degree of polymerization. Furthermore, percolation thresholds estimated from single chain statistics of acrylamide polymers are consistent with experimentally measured gel points and help explain the precipitous loss of the high fracture energy in double network hydrogels at low crosslink densities; favoring this mechanism, over others presented in the literature (e.g., entanglement, hydrogen bonding), as the origin of enhanced toughness for interpenetrating double network hydrogels. These findings are useful for steering experimental efforts towards systematic optimization of the bio-mimetic response of polymer-based scaffolds for tissue engineering.
INTRODUCTION
The majority of musculoskeletal conditions concerning joint structures that require surgery generally involve some form of repair or replacement of cartilaginous tissue. 1 Conditions affecting articular cartilage, including diseases like osteoarthritis, represent some of the most debilitating and prevalent health problems known, adversely upsetting normal activities. This imposes significant economic and social load on individuals and on public health care costs due to prolonged disabilities and decreased productivity of the workforce.
Unlike bone, liver, skin, and other tissues with high cellturnover rates, cartilage is predominantly non-vascularized * Authors to whom correspondence should be addressed.
and is generally considered to have a limited capacity for self-repair. [2] [3] [4] [5] Hence, traditional methods to repair articular cartilage tissue have included joint resurfacing, biological autografts and full joint replacement. Fibrocartilage grown in response to damage or injury exhibits inferior mechanical characteristics to the original cartilage. Unfortunately, none of these methods succeed in restoring the functional properties provided by natural cartilage.
Tissue Engineering (TE) techniques offer the promise of being able to produce completely regenerated tissue with the requisite of functional properties of strength, shock attenuation and surface friction. An implanted cell-seeded scaffold is expected to degrade in vivo over time, and be progressively replaced by new functional tissue. Ideally, a scaffold should provide a three-dimensional biocompatible structure sufficiently porous to allow for the proliferation and migration of cells and the deposition of a new structural matrix, while also permitting the transport of nutrients and metabolic waste. The scaffold surface chemistry must be conducive to cell attachment and viability, while the material itself should ideally undergo controllable degradation and bioresorption to match the rate of cell or tissue growth in vitro and/or in vivo. 6 Finally, the scaffold must exhibit mechanical properties to match those of the tissues at the site of implantation.
For scaffold-based cartilage tissue engineering, chondrogenic cells interact with a physical scaffold designed to withstand functional biomechanical loads and impart the cues required to guide cell differentiation and control the formation of new tissue. It has been hypothesised that the differentiation of mesenchymal stem cells, resulting in the formation of regions of bone, cartilage or fibrous connective tissue, depends on biomechanical stimuli, which are in turn dependent on scaffold mechanical properties. 7 Based on poroelastic finite element model simulations, the stiffness and fluid permeability of the scaffold are proposed as key determinants of the eventual biological tissue type. 8 The structural similarity of synthetic polymer-based hydrogels to the collagen extra cellular matrix (ECM) found in human cartilage and their ease of processability makes them ideal candidates for cartilage scaffoldsupported cell therapies. 1 These hydrogels can act as a temporary artificial ECM to provide mechanical support, or the ambience for new cells to grow towards the desired lineage, as well as to enable transport or confinement of cells to/within defect sites. Yet, in spite of the significant progress in polymer-based TE during the past decade, important challenges remain to be addressed in order to restore tissues that serve a predominantly biomechanical function. [9] [10] [11] Many of these challenges are highly dependent on the atomic composition and the nanometric structures present in the material.
Despite the key role of the mechanical properties of scaffolds in TE, an explanation of how the molecular-level structure and composition defines and drives such mechanical response is lacking; this is the subject of this article. We focus on the viscoelastic mechanical support function required for such scaffolds as opposed to other scaffolding characteristics, including: biochemical and biophysical cues to mimic the natural ECM, cell-mediated degradation, cell encapsulation prior to in situ gelation for minimally invasive administration of cell-laden hydrogels into defect sites, permeability to oxygen and nutrients to maintain cell viability, or scaffold-mediated differentiation of adult and embryonic stem cells. 1 We report on a first-principles-based computational modeling approach for predicting, characterizing, analyzing and optimizing the nano-mechanical properties of polymer-based hydrogels, emphasizing on those that are conducive to mechanical response tuning through atomic structure and composition as it pertains to the development of new and optimized scaffolds amenable to articular cartilage tissue regeneration. The role of conformational dynamics on the elasticity and cohesive energy density of bulk phases, as well as the mechano-chemical synergies that lead to enhanced mechanical response, are examined using standard thermodynamic concepts such as entropy, enthalpy, and changes in free energy. Work is progress, from our group, is geared towards understanding the failure dynamics of these systems as well as the electrokinetic effects of the solid-fluid phase interactions on viscoelasticity. This formal level of thermodynamic information represents a key missing ingredient in the design of novel materials with optimum bio-nano-mechanical properties for human tissue engineering.
The document is organized as follows: Section 2 introduces the reader to a description of the composition and structure of natural articular cartilage and gives an explanation of how it defines its functional biomechanical properties. Section 3, presents a description of structural and functional analogies relating cartilaginous structures with polymer-based hydrogels before introducing the molecular models used to characterize the viscoelastic response of such hydrogels; Section 4 introduces the first-principles-based methodology to analyze the corresponding biomechanical affinity of polymerbased hydrogels, at the atomic level, using molecular dynamics (MD) approximations, and Section 5 applies the methodology to a specific case study using chemically cross-linked poly(acrylamide)-PAAm and poly(2-acrylamido-2-methylpropanesulfonic acid)-PAMPS, with N,N -methylene bisacrylamide (NNMBA), single and double interpenetrating hydrogel networks, correlating results against available experimental data. The final section, Section 6, summarizes the findings reported here and briefly discusses the current and future work on the matter from our group.
COMPOSITION, STRUCTURE AND MECHANICAL PROPERTIES OF CARTILAGE
The fundamental ultrastructure of articular cartilage varies depending on whether the tissue's primary function is to reduce friction at joint interfaces, to dampen high mechanical loads transmitted from the joint interfaces, or to provide a substrate for connecting to other tissues (e.g., bone). Three distinct zones are usually distinguished within articular cartilage tissue, each with different collagen orientations and equilibrium water concentrations: the superficial zone which is closer to the load interface, with collagen fibrils arranged parallel to the surface to minimize friction with interfacing structures, the transitional or middle zone, which offers a more disordered layout of collagen fibrils in order to balance tensile and compressive loads perceived by a joint, and the deep zone, where the collagen fibrils are oriented perpendicular to the surface of the joint in order to maximize load bearing capabilities. The equilibrium water concentration in articular cartilage decreases as collagen orientation becomes more homogeneous, e.g., the middle zone has a higher equilibrium water concentration when compared to the superficial zone. The composition of articular cartilage is ∼60-85% water, ∼15-22% collagen (dry wt, mostly type II) and ∼4-7% proteoglycans (dry wt). 13 The higher strength cartilage (e.g., meniscus) has less water content and higher collagen, and vice versa.
In general, cartilage can be understood as a two-phase material comprised of a porous-permeable fiber-reinforced solid phase, formed mostly by proteoglycans, chondrocytes and collagen, and a free-flowing fluid phase composed mostly of water. It is an avascular, aneural, alymphatic tissue. The collagen fibrils, comprised of collagen molecules packed in a bundle (each consisting of a triple left-handed helix of polypeptide strands, ∼300 nm long and ∼1.5 nm diameter), are organized into a fine three-dimensional mesh while the proteoglycans and water fill the interfibrillar spaces. 13 14 The collagen network, which contains collagen-collagen cross-linked interactions, traps the proteoglycan aggregates to form the fiber-reinforced composite, primarily through proteoglycan-proteoglycan and collagen-proteoglycan non-covalent interactions (electrostatic and mechanical entanglement). The vast majority of proteoglycans found in articular cartilage are known as aggrecans, 15 which are produced, along with link protein and hyaluronic acid, by chondrocyte cells. Many aggrecans bind to a hyaluronate monofilament through a link protein to form a proteoglycan aggregate 12 -see Figure 1 . The repeating sulfate and carboxylate groups in these aggregates become negatively charged when placed in an aqueous solution, which causes a high fixed charge density due to the resulting tightly packed arrangement. Generally speaking, collagen accounts for the high tensile strength structural elements (tear and shear resistance of cartilage), chondrocytes serve to keep the collagen fibrils in an appropriate 3D matrix arrangement, and proteoglycans introduce the variable mechanical properties of biological cartilage under dynamic loading (i.e. they impart elasticity to cartilage framework). It has also been shown, that a strong positive correlation exists between the intrinsic tensile modulus of the ECM and the collagen/proteoglycan ratio; 16 habitually highly loaded regions have more proteoglycan content than regions that are habitually lightly loaded, and habitually lightly loaded regions have more collagen content than habitually highly loaded regions. The strongly negative fixed charge density of the proteoglycans, constrained within the collagen matrix to ∼20% of their free-solution volume, creates a Donnan effect which together with the propensity for the coiled polyelectrolytes to increase their solution coverage create a total swelling pressure that is counterbalanced by the positive ions in the water 1 17-19 and by the tension developed in the network. 20 Consequently, under mechanical loading, it falls upon the topology to control the rate of flow of water (acting as a proportional porous damper) while during recovery it is the proteoglycans that induce the swelling and rehydration of the cartilage to restore the system to the equilibrium mechanical state. For normal tissue under compressive loads, the stiffness increases as a function of the drag between the fluid and the solid matrix in order to avoid fast dehydration of the cartilage. It has been shown 21 that the equilibrium water content correlates negatively to the intrinsic compressive modulus of the ECM, and positively to its permeability 22 (the permeability coefficient [k] is inversely related to the drag coefficient [K] by the relationship k = 2 /K; = porosity), and that changes in this equilibrium plays an important role in the biomechanical dysfunction of the tissue, i.e., at increased water contents. The permeability of normal cartilage is very low with a coefficient ranging from 10 −14 -10 −15 m 3 /Ns. 23 The balance between total swelling pressure and the constraining tensile force of the collagen/proteoglycan network determines the equilibrium water content. The mechanism(s) by which the equilibrium water content increases has been believed correlated with a loss of tissue, proteoglycan content or damaged collagen network. 21 This will be shown in analogy to the hydrogels discussed in this article. Furthermore, the nonequilibrium or kinetic swelling behavior of articular cartilage is governed by the ratio of the time required to move the counter ions (Na + ) through the tissue by diffusion to the time required to move water through the porouspermeable solid ECM during the swelling and contraction processes. [24] [25] [26] The equilibration of internal forces is then highly dependent on the counter-ion concentration in the bathing solution. The extra osmotic pressure attributable to the cations present has been the origin of triphasic theories of cartilage. The molecular interactions between the solid and fluid phases are responsible for the viscoelastic properties in cartilage, although there is evidence that the solid matrix also exhibits intrinsic viscoelasticity. 9 Cartilage has been shown to exhibit both creep and stress relaxation behaviors, i.e., the tendency of its solid phase to deform permanently under time-dependent influence of external loading and a time-dependent stress response under constant deformation, respectively. Other mechanical properties of cartilage include an anisotropic highly nonlinear and zone dependent 16 28 strain-dependent moduli 29 with nearly two orders of magnitude difference in tensile and compressive moduli for some cases, 30 strain-dependent hydraulic permeability, 31 inhomogeneous residual stresses, 16 28 32 33 and unique frictional properties; a low coefficient of friction (e.g., 0.0005-0.02 in human knee 34 ), coupled with fluid-dependent mechanisms of load support, which allow for minimal tissue wear under a relatively harsh mechanical environment. 16 [41] [42] [43] [44] [45] For scaffolds in articular cartilage regeneration, the mechanical properties discussed in Section 1 are particularly critical since most synthetic hydrogels have been mechanically inferior to the natural tissue, which sustains large deformations under both compressive and tensile loads.
Recent advances in synthesis have produced hydrogels with significantly improved mechanical properties, such as the nanocomposite gels, [46] [47] [48] slide-ring gels, [49] [50] [51] [52] [53] [54] and double-network hydrogels. 55 56 Both slide-ring gels and nanocomposite hydrogels are highly extensible due to the presence of mobile junction points. Double-network hydrogels (DN), on the other hand, are conventionally prepared by polymerizing a linear polymer within a crosslinked polyelectrolyte highly swollen polymer hydrogel (the negatively charged species in the polyelectrolyte have an analogous function to the proteoglycans in cartilage). When cross-linked polymeric materials are immersed in an appropriate solvent, they absorb the liquid solvent until the swelling force associated with the mixing entropy between the chains and the solvent balances the elastic force of the chains between junction points. Flory and Rehner 57 58 explained the swelling behavior of such cross-linked gels in their theory of equilibrium swelling, using statistical mechanical aspects to explain elasticity and swelling of SN hydrogels. Their theory considers an equilibrium between the following contributing factors to swelling in a perfect network: (1) a positive entropy change caused by the mixing polymer and solvent that favors swelling, (2) a negative entropy change that discourages swelling caused by the reduction in the number of possible chain conformations as the polymer network swells, and (3) the entropy (heat) of mixing of polymer and solvent.
Nevertheless, the Flory-Rehner (F-R) hypothesis suggests that the thermodynamic behavior of the network is determined by the minimum of the total free energy, i.e., the sum of elastic and other interactions, without considering structural defects, structural changes during loading, or variations in solution content. Several researchers have proposed corrective terms to the F-R formulation in order to contribute additional understanding into the elastic behavior of hydrogels. Most notably Ball and Edwards 59 60 added corrections to the free energy terms from existing network and solution theories, yet there has been little effort in understanding the molecular level cues that lead to the viscoelastic properties of these systems, not to mention the inherent difficulties in experimentally characterizing them at the microstructural scale. More recently, molecular dynamics (MD) simulations have contributed new ideas on the role of water in these systems [61] [62] [63] [64] and some 44 54 65 66 have ventured further into elucidating the molecular origins of enhanced mechanical toughness through the formation of double interpenetrating networks (DN). In particular, Gong and co-workers have proposed that the improved mechanical response is in part from entanglement between the two polymeric constituents and a dissipation of deformation energy within softer regions of the material, 67 although the molecular nature of these mechanisms remain largely unknown.
We introduce a first-principles-based modeling approach to elucidate the compositional and structural synergies, including multicomponent polymer interactions, crosslink density, equilibrium water content, network entanglement, hydrogen bonding, to tune the mechanical response of double-network polymer-based hydrogels for the development of new and optimized scaffolds for cartilage cell therapies. In this article we report some of our preliminary findings using this approach.
Hydrogel Molecular Models
In Ref. [ used to confirm, using atomistic molecular dynamics (MD), the nature of improved mechanical strength through the formation of double interpenetrating but independently crosslinked double network (DN) polymer networks with particular combinations of constituent solute molar ratios and crosslink densities. Furthermore, from the pair correlation functions for polymer-water pairs and for ion-water pairs and the solvent accessible surface area, we found that the solvation of polymer and ion in the DN hydrogels was enhanced in comparison with the individual SN PEA and PEO hydrogels. The unit cell model used consisted of multiple infinite polymer chains connected via 6-way crosslinking points. Acrylate crosslinkers at both ends of the PEO polymer chain formed a PEO-diacrylate (PEO-DA) macromer, and one triethylene glycol dimethyacrylate (TEGDMA) crosslinker at one end of the PAA chain formed a PAA-TEGDMA macromer. We now extend this crosslinking point model to account for improved physical insight into the dynamics of cross-linked hydrogels. For this study the periodic model, depicted schematically in Figure 2 can be compared directly to a 2D cross-section of a natural hydrogel structure. Important variations, with respect to that found in Ref. [65] , are added in this work, namely: (1) it allows for the introduction of periodic defects in the structure (e.g. free radicals, self-loops), (2) it allows for the use of experimentally viable molecular crosslinkers, (3) independent control of crosslinking densities for anisotropic analysis via the monomer chain lengths in X L , Y L , Z L , and (4) the infinite polymer chains were prepared from compression/expansion cycles at kinetic temperatures above 300 K or from corresponding rotational isomeric states (RIS). The nomenclature adopted throughout the article to describe the single (SN) and double (DN) network hydrogel compositions, is P1_x1_y1:P2_x2_y2, where P denotes the polymer name, x the molar concentration and y the corresponding crosslink concentration in mol% with respect to x. The ":" indicates a DN of P 1 and P 2.
The procedure for preparing the SN molecular hydrogel structures, using the model depicted in Figure 2 , involved building the homopolymer chains of each constituent for varying degrees of polymerization and varying crosslink densities. To build a 3-dimensional molecular structure model, a RIS formed homopolymer chain was dynamically optimized to fit the unit cell periodic boundary conditions, it was then replicated to conform to the desire monomer concentration and placed accordingly to balance the orthogonal directions, cross-linkers were added and the full structure was then minimized using a conjugate gradient scheme to a convergence of 1e-4 RMS force, Na+ counterions were added to average Mulliken charge population to zero for the infinite system, and finally water molecules where introduced according to a desired wt-%. Different configurations were prepared by varying the parametric values in the depicted model, including water equilibrium wt-% content, cross-link distances and ratios, and monomer types and concentration ratios. DNs of interpenetrating but not covalently linked components were also prepared from the SN building blocks.
The structure preparation process was preceded by a first-principles approach to fitting the parameters for nonreactive potentials from Dreiding. 68 and reactive potentials for ReaxFF. 69 The next section describes the parameters used for the non-reactive Dreiding force field.
FIRST-PRINCIPLES-BASED MOLECULAR MODELING OF HYDROGEL NETWORKS (MECHANICAL PROPERTIES)
Most molecular studies concerning the behavior of biomaterials have used models considering purely electrostatics 
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First-Principles Based Approaches to Nano-Mechanical and Biomimetic Characterization interactions, [70] [71] [72] [73] or empirical coarse grain approaches 74 and finite element models 73 which are not capable of offering a complete or detailed molecular description. The main reason for this has been the lack of suitable methods and tools to deal with the implicitly multiscale phenomena, i.e., first-principles-based force field with correct point charged models capable of handling the large solvated periodic systems required to describe realistic hydrogel compositions with adequate polymer molar concentration and crosslink concentration ratios, accurate methods to predict energetics and thermodynamics from relatively short MD runs, and the ability to incorporate reaction processes to determine failure modes and electrokinetics in the diffusion of charged species inside the hydrogel's solid phase matrix, among others.
In this paper, a novel atomistic-level molecular dynamics methodology based on quantum mechanically determined force field parameters to ascertain hydrogel thermodynamic and mechanical properties is reported. The resulting forcefields were used to establish the entropic and enthalpic contributions to the elastic response of different hydrogel systems, the cohesive energies and viscosities of different hydrogel mixtures, and the stress-strain characteristic of each as a function of structure and composition. This same methodology is currently being used with reactive potentials based on our reaxFF 69 to elucidate the electrokinetic effects on the viscoelastic response, the different mechanical failure modes of high strength double network (DN) hydrogels, as well as potential covalent mechanisms involved in the enhancement of mechanical strength of such DN, as reported experimentally in Ref. [55] . This will help steer the experimental efforts on chemical polar/non-polar functionality (primarily enthalpic contributions) or on network architecture (primarily entropic contributions).
The first-principles-based force field methodology consists of the following elements:
• Atomic charges from QM calculations (Mulliken population) for candidate monomeric species used, • Conformational energetics required to fit parameters in the forcefields used (Dreiding and ReaxFF) from quantum mechanics, for the various internal degrees of freedom of candidate monomers, with a strong focus on polymer backbone torsional degrees of freedom, • Statistical mechanical model to create realistic starting structures for the polymer molecular dynamics simulations of single chains based on the Rotational Isomeric State Model (RIS) and to predict the end-end polymer distances and radius of gyration (Rg) from plausible gel compositions, • QM Optimized non-reactive and reactive a forcefields to study:
a This paper reports results only for the non-reactive processes (i.e. no kinetics or fracture dynamics).
Bulk properties of condensed phase assemblies in gel components for experimentally relevant compositions (cohesive energy density, CED, and viscosities), and Mechanical properties, stress-strain relationships under uniaxial compressive and tensile loading regimes, and structural and kinetic elements that affect the elastic modulus, ultimate strength, toughness, and fracture dynamics of such systems.
Modeling and Simulation Details
We began by evaluating key terms in each force field (procedure described below for the Dreiding 68 forcefield) using quantum mechanical calculations with Jaguar, 75 primarily focusing on the torsional potentials responsible for the elasticity of these polymers in solution. The procedure is summarized as follows, • Optimize non-bond interactions between water molecules and between water and gel polymer molecules (off-diagonal van der Waals interactions) from the published F3C water potential of Levitt et al., 76 • With the resulting force field, thermally equilibrate the system and run 100 picoseconds of MD-NPT with 1 fs integration time steps on a periodic boundary box containing gel polymer and liquid water under experimental conditions of temperature and pressure. Run an additional 20 ps to obtain atomic velocities to estimate the density of states and entropies (see Section 4.1.2). The Gibbs free energy is then calculated as G = E + P V − T S, where P corresponds to the pressure, V to the volume, E to the internal energy, T to the kinetic temperature, and S to the entropy of the system.
• Run an identical simulation as in the previous step orienting the gel polymer molecules under an external strain field and estimate the Gibbs free energy of the full system, • Decompose the free energy contributions from the gel polymer, salt, and water molecules and estimate the magnitude of the changes between the relaxed and maximum strain conditions. This leads to a detailed understanding of the changes in thermodynamics that drive the gel polymer molecule's elastic responses, • Estimate the same properties for tensile and compressive strains, • Estimate the contributions to the cohesive energy density (CED) for the individual gel components (PAMS and AAm) and compare to the fracture toughness of related compositions.
• Calculate the free energy for the 1) bulk gel polymer, versus 2) bulk water, versus 3) interfacial water molecules, providing a full thermodynamic picture of all molecular interactions in considerable detail.
A reasonable assumption is that such a first-principles force field is more broadly applicable to a wider number of systems, and provides improved predictive power than a model parameterized from a large set of experimental measurements. 
The most common forms for the valence terms in Dreiding were used, while the force constants and transition barriers for key dihedral torsions along the backbone were optimized using density functional theory (DFT) B3LYP with a 6-31G** basis set (refer to Table I ). Most of the Dreiding parameters as originally published gave a good fit without any further refinement. The explicit hydrogen bond terms were not required to obtain a good fit to the quantum energies (i.e., these are accounted for by other existing potential forms).
Van Der Waals
Interactions: Dispersion Terms. Dispersion terms were modeled with a Lennard-Jones 12-6 potential described by the standard LJ-12-6 equation,
where R ij corresponds to the distance between atoms i and j, and R oij and D oij are parameters characterizing the strength of the interaction and the size of the atoms, respectively. In this work, the diagonal (same atom) parameters from Dreiding. 68 are employed throughout, except were noted. The vdW parameters between different atom types (off-diagonal) are given by the geometric means of the diagonal terms, i.e. R Table I . Torsional force field for polymers used in this work. hydrogels. Thus, these were calculated form the quantumoptimized geometries using polarized Mulliken charges at the minimum conformation,
where = 1 is the dielectric constant, Q i and Q i are the atomic charges in electron units, R ij is the distance in Å, and C o = 322 0637 converts the electrostatic energy to Kcal/mol. Jaguar 75 was used to estimate the atomic charges. Coulomb interactions between bonded atoms (1-2) and next-nearest neighbor atoms (1-3) are excluded, however, for 1-4 interactions and beyond, the full value of the Coulomb term is used. Because periodic boundary conditions were used, the electrostatic terms implied by Eq. (3) are summed up to infinity employing the customary Ewald summation, or the PPPM (particle mesh) method implemented in LAMMPS. 77 The lowest energy conformation for a trimer of each monomer unit component was modeled. The charges for the middle monomer where used. Taking into account that two added hydrogens are used only as tags for building the polymer, and thus their charges are set to zero, the overall charge was averaged to zero for each monomer.
The force field was tested, including all terms in Eq. (1) and compared the results with quantum mechanical calculations for the same geometries. The minimum quantum geometry was used as the reference geometry for the force field calculations. The result is in quantitative agreement with quantum mechanics (see Fig. 3 ), for example for the PAAm case, with an RMSD of 1.3 Kcal/mol and a maximum deviation of 2.4 Kcal/mol, with all minima predicted correctly, although some of the transition barriers were a bit high as expected since polarization effects on the atomic charges were not included. 
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Entropy Calculations
To analyze the individual components of the free energy for each modeled system the structures were prepared using the steps described in the introduction to Section 4.1 corresponding to our recently developed two-phase thermodynamic (2PT) model. [78] [79] [80] which provides an efficient means for extracting thermodynamic properties of liquids, gases and solids, under the same footing from short molecular dynamics runs. This allows estimating the magnitude of the changes between tissues under relaxed and strained condition and to determine the thermodynamics changes that drive their viscoelastic response.
The entropy and energy are related to the density of states by the expressions,
(4) and
With the quantum corrected weight factors given by
for the energy, and
for the entropy, respectively. For additional details about the quantities involved see Refs. [78] [79] [80] . From ∼12 ps of MD it is possible to obtain good estimates of the power spectrum, S( from a Fourier transform of the velocity autocorrelation function. However for liquid or gas systems there will be a peak in the power spectrum near = 0. This arises from diffusion and must be eliminated to obtain finite values for the entropy. In the 2PT model this is accomplished by using a model of the diffusional degrees of freedom that can be extracted directly from the S( , leading to a modified S( that goes to zero as → 0.
We used Eqs. (4)- (7) to decompose the free energy contributions from the systems modeled (including counterions and water molecules) and to estimate the magnitude of the changes between the relaxed and maximum strain conditions. This provided a detailed understanding of the changes in thermodynamics that drive the molecule's viscoelastic responses. The same properties were determined under tensile and compressive conditions in order to compare to experimental results.
Cohesive Energy and Viscosity
The cohesive energy of a substance measures the energy required to vaporize a liquid or solid substance. A related quantity is the Hildebrand solubility parameter for a pure substance, which is the square root of the cohesive energy density,
where H vap corresponds to the heat of vaporization and V m the molar volume. RT is the ideal gas pV term and it is subtracted form the heat of vaporization to obtain an energy of vaporization. Typical units for the Hildebrand solubility parameter are 1 Hildebrand = 1 cal 1/2 cm −3/2 = 0 48888 × MPa 1/2 = 2 4542 × 10 −2 (Kcal/mol) 1/2 A −3/2 . H vap is calculated from the energy of a well equilibrated (constant T, P) periodic unit cell minus the sum of the individual molecules E i averaged over P samples,
Typically P = 10 yields good agreement with experimental values when the CED compression/expansion procedure described in Ref. [81] is followed. The shear viscosity connects a gradient of one component of the fluid velocity, say the xdirection, with respect to another direction, say the zdirection, v x / z, to the flux of transverse linear momentum, j z p x . The proportionality coefficient connecting the shear field to the flux momentum is the shear viscosity, , i.e.,
To calculate the viscosity of different mixtures we used the Reverse Nonequilibrium molecular dynamics (R-NEMD) method proposed in Ref. [82] . The proposed method imposes a momentum flux or stress on the system, to obtain the velocity gradient or shear rate, thereby reversing the conventional cause and effect relationship found in NEMD calculations. The momentum flux is achieved by periodically exchanging the momenta between two particles in different regions of the simulation box (symmetrically partitioned along the flux direction) to induce a shear velocity profile in the system. b The nonequilibrium response of the system is to let momentum flow in the opposite direction via friction. In the steady state, the rate of momentum transferred "unphysically" by momentum swaps is equal to that of momentum flowing back through the fluid by the physical mechanism of friction. Hence, the momentum flux j z p x can be calculated as,
b All molecular structures are optimized, thermally equilibrated at room temperature using NPT, prior to sampling total momenta and partial velocities changes with respect to the normal direction to shear. More on this in Section 5. where t is the length of the simulation and A = LxLy corresponds to the cross-section area, and the factor 2 arises because of the periodicity of the system. The physical momentum current gives rise to a velocity profile in the fluid. The flow velocity v x in x direction in every slab is calculated as the average of the v x i of all atoms i in that slab. If the momentum flux is not too large then the velocity profile is approximately linear and v x / z and its error is obtained by a linear regression.
Stress-Strain Properties
To determine the stress-strain properties of the hydrogel systems of interest, the corresponding model molecular structures were optimized to 0.01RMS force using a conjugate gradient scheme, thermally ramped from ground state to 300 K in steps of 10 K using NVE + Langevin thermostat, and thermally equilibrated checking total energy and particle velocity distributions at 300 K using an isotropic NPT step at 1atm pressure with Nose-Hoover thermostat and barostat. Once the system reached thermal equilibrium, production runs of 1 (100% strain) and 3 ns (300% strain) of anisotropic NPT at 300 K (strain direction with null pressure, and remaining at 1 atm) with uniform uniaxial/biaxial deformations at engineering strain rates of ±1e-6%/step for tension and unconfined compression, were performed (see Fig. 4 ). Strain calculations were performed using fixed reference quantities (i.e. engineering) rather than true quantities (e.g., true), for three reasons:
(1) the systems tested are infinite periodic, (2) their Poisson ratio is normally ∼0.5 during elastic deformation, and (3) the strain rate used could lead to unstable dynamics at high true strains.
For the case of finite systems, where necking can occur beyond the proportional limit, one could relate the Fig. 4 . Equilibrium (atoms color coded by atom type), tension (red), and unconfined compression (green) of unit cell structure snapshots. Nonstrained directions adjust proportionally to keep volume constant under anisotropic NPT (i.e., Poisson ratio of 0.5). Water described by cyan dots.
Compression Tension
engineering stress ( E to true stress ( T by using the relationship,
where A corresponds to the area cross-section, l to the length, and zero indexed quantities correspond to the fixed reference values. The principal stress component in the strain direction, say in x xx , is calculated using the following virial form, considering the kinetic effects will normally average out for system with a large number of atoms, (13) where V corresponds to the volume, r x ij to the interatomic distance between atoms i and j along the strain x-coordinate, and f x ij corresponds to the interatomic force on atom i along the strain x-coordinate, respectively.
RESULTS AND DISCUSSION: THE PAMPS/PAAM CASE
The proposed methodology was tested and validated with a detailed investigation of the polymers employed in double interpenetrating PAMPS/PAAm networks with N,Nmethylene bisacrylamide (NNMBA) crosslinking agent, an experimental system that shows unusually high fracture toughness at high water content. 44 54-56 66 67 83 84 This section presents the results of the different steps described in Section 4, including: single-chain statistics, Mulliken charges for species involved, thermodynamic analysis, and stress-strain characteristics for different compositions. This will lead to a specific discussion on the most probable mechanisms involved in the enhanced strength of such hydrogel structures/compositions.
Single-Chain Statistics
Using the optimized force field described above, the energies of the various conformers for a trimer of acrylamide were calculated. The corresponding rotational isomeric state (RIS) table is summarized in Table II . Dihedral angles and were treated as "independent" while the consecutive angles and were treated as "coupled" to their previous dihedrals, and respectively.
Ten samples of acrylamide polymers with degree of polymerization from 5 to 800 in increments of 5 monomers were built sugin the resulting RIS table. The radius of gyration and the end-end distances were then calculated, for each sample, and averaged (see where L n corresponds to the end-to-end distance and R n to the radius of gyration, both as a function of the degree of polymerization n . The same procedure was repeated for PAMPS, which considering its polar groups has a correspondingly larger R g and end-to-end distance for the same degree of polymerization when compared to PAAm. The corresponding results will be related to the optimal conditions required for polymeric percolation in these hydrogel systems in Section 5.1.4, in our opinion the most likely mechanism, paired with network entanglement, involved in the mechanical strength enhancement for the PAMPS/PAAm DN gels.
QM Mulliken Charges
Table III summarizes the Mulliken charge population found for the fundamental building blocks of the PAMPS:PAAm system.
Entropy as a Function of Strain
From the entropy calculations we found that the contribution to the total gel entropy from the polymer itself are minor compared to the entropy from the counterions and water molecules (see Fig. 7(a) ). Similar results are obtained for acrylamide in the absence of counterions. We evaluated the entropy of a 90-monomer long acrylamide polymer as a function of strain. Surprisingly, the entropy of the polymer increased when subjected to tensile strain (see Fig. 8(b) ). This is counterintuitive since we expected the entropy to decrease upon straining due to the higher order of the polymer chain. For example, for a similar chain of polyethylene, the entropy per monomer of an equivalent 90 monomer long polyethylene chain is presented in Figure 8 polymer is the helical nature of AAm in the unstrained state. The lowest potential energy conformation is the all trans polymer. As we strained the polymer, did not see an appreciably change the dimensions of the periodic unit cell. Instead we stretched the bonds and the bond angles, increasing the frequency of internal vibrational modes of the polymer chain. The effect is that the entropy decreases since the quantum correction factors in Eq. (6) become increasingly vanishing at high frequencies. Thus, entropy is dominated by the low frequency vibrational modes of the polymer chain. The density of states for a strained AAm chain shows that low frequency modes increase during straining. This is due to the extended periodic cell dimensions attained by the uncoiling of AAm 90-monomer chain (see Fig. 8(a) ), which allows longer wavelength, lower frequency, modes to be "plucked" in such a chain. Indeed, the power spectrum (density of states in Fig. 9) shows that the intensity of the low frequency modes is larger in the 300% strained versus the 10% strained system.
If the crosslinker concentration is lower than needed to achieve percolation the fracture properties of the gel will be greatly diminished because of the lack of a complete covalent network of chemical bonds supporting the gel. Accurate experimental measurements of the gel point using fluorescence probes [85] have determined that no gel is formed for concentrations of acylamide monomer below 0.3 M when the crosslinker concentration is kept constant as a percent of monomer concentration at 0.65%. In addition, a significant change in the critical exponent for First-Principles Based Approaches to Nano-Mechanical and Biomimetic Characterization the weight average degree of polymerization was found, consistent with the findings reported in Ref. [85] ,
where p is the probability of forming a lattice bond and p c is the percolation threshold, where an infinite chain is formed (see Fig. 10 ). This signals a regime change from mean field theory (Flory-Stockmayer 86 87 ) to the results of lattice computer simulations. 88 Here we show how the single chain statistics for PAAm obtained from first principles force fields in the previous sections can be incorporated to explain these results within a continuous (non-lattice) model. Continuum percolation is of interests because these model share many of the mathematical properties with lattice percolation, yet is an accurate model of many disordered materials, i.e., porous media, composite materials, polymers, and colloids.
We begin by reviewing the results of Lorenz et al. 89 on the precise determination of the percolation threshold for the 3D "Swiss Cheese" model using a growth algorithm in continuous space. In this model the spatial arrangement of equal size spheres is uncorrelated. The centers are distributed by a Poisson process within the three-dimensional V = L × L × L volume (i.e., gel medium, mostly water). The spheres form clusters when they contact, or overlap, neighboring spheres. These clusters form the continuous covalent structure that gives a hydrogel its mechanical and visco-elastic properties, provided that sufficient crosslinking agent is present. The density of spheres, which causes a cluster to span the system, is called the critical density. There are three common ways of expressing the critical density: the volume fraction c , the reduced number density c (also referred to as the percolation threshold) and the number density n c The three are related in three dimensions by the following equations, as corrected from Ref. [89] ,
where R is the radius of the sphere and N is the number of spheres placed in the system. We are mostly interested in the number density n c Substituting the radius of gyration from Eq. (14) with R in expression (16) and setting L equal to 10 9 Å (the side of a cube for a volume of 1 Liter of solution) we can estimate the number N of polymer molecules required to achieve percolation using the critical number density n c = 0 652960(5). 89 The critical number of cross link molecules required to span the volume V with a continuous hydrogel is N −1, but since a significant fraction of molecules are not part of the percolating cluster the actual number is a low multiple of this value. Figure 11 shows the critical cross linker concentration for a starting solution of acrylamide monomer at three starting concentrations. The average degree of polymerization is a function of the initial initiator concentration and its effective reaction yield, so Figure 11 maps all chemical components of major interest in hydrogels, i.e., monomer (through concentration and R g statistics), crosslinker, initiator (through the average degree of polymerization), and water (through the initial monomer concentration). The acrylamide hydrogels prepared in Ref. [ of monomer concentrations from 0.01 to 5 M, an initiator concentration of 7 × 10 −3 M, and a cross linker concentration of 0.65% molar with respect to the initial monomer concentration. For acrylamide monomer concentrations ranging from 0.5 to 5 M this cross linker concentrations is sufficient for minimum degrees of polymerization of 6,500 and 3,000, respectively. However, for the low range of [AAm] concentrations, from 0.01 to 0.3 M, the minimum degree of polymerization to achieve percolation is extraordinarily large, 1 × 10 7 and 1 15 × 10 5 respectively. Indeed, Kaya et al. 85 report that no gel is formed under such conditions. Nakajima et al. 90 have focused on the AAm component of a high performing double network hydrogel. The degree of polymerization appears to be higher than those of Kaya et al. Monomer concentrations are fixed at 2 M, 2-oxoglutaric acid initiator concentrations at 0.01 mol%, indicating a range of degrees of polymerization between 10,000 (high initiator yield) to 100,000 (10% yield). When the cross linker concentration was lowered from 0.3 to 0.01% molar, a linear increase in the fracture energy of the hydrogel was observed until the 0.01% concentration was reached. At that point the fracture toughness of these hydrogels completely vanishes. This unexpected highly non-linear behavior is indicative of a phase change and merits further explanation. We estimate, using the critical percolation number density method outlined above, that to reach percolation under these conditions ([AAm = 2 M, 0.01% crosslinker) will require extremely high degrees of polymerization, above 2 5 × 10 6 . Thus, it seems that the key to high performing double network hydrogels is in achieving a high degree of polymerization in the second hydrogel (t-DN, truly independent DN) with an effective crosslinker concentration above the critical value. Indeed, Ref. [90] First-Principles Based Approaches to Nano-Mechanical and Biomimetic Characterization Fig. 9 . 2PT corrected power spectrum of low and high strained AAm polymer chains. Low frequency intensity increases due to the longer dimensions of the AAm polymer upon straining, without significant stiffening that could shift the spectrum to higher frequencies (lower entropy). Figure 11 , the total effective crosslinker concentration of the c-DN (0 01% + 0 06% = 0 07%) would reduce the degree of polymerization required for hydrogel percolation from 2 5 × 10 6 to 150,000, a significant reduction. We are currently performing reactive molecular dynamics simulations (using our ReaxFF 69 potential) to demonstrate this phenomenon, as well as to investigate the low performance of highly crosslinked (4% of the molar monomer concentration) PAMPS hydrogels. This is the subject of a future publication.
Bulk Properties: Cohesive Energy Densities and Shear Viscosity
Much speculation has been done regarding the molecular origin of the observed increased performance of double network hydrogels over single networks. The molecular origin of the enhanced toughness in double network hydrogels was studied with neutron scattering in Ref. [67] and it was concluded by the authors of this article that entanglement of the two networks gives rise to an emerging feature in the structure factor upon strains close to the yield point. In addition, the zero shear viscosity of the PAMPS/PAAm solution mixtures showed a significant enhancement at around 0.15 PAMPS volume fraction, regardless of the total PAAm concentration. It was speculated that this increased viscosity was the result of an attractive enthalpic interaction between the two networks, perhaps due to hydrogen bonding, and that this attraction might be responsible for the observed enhancement in the fracture toughness of the double network. We carried out molecular dynamics simulations for various fractions of PAMPS and PAAm mixtures at 80% water content by volume- Figure 11 depicts the linear relationship found for different PAMPS/PAAm mixtures as a function of PAMPS fractional volume. We use trimers to estimate the cohesive energy and viscosities of these mixtures. The procedure closely follows that of our previous work. 81 91 The linear correlation yields a cohesive energy for pure PAMPS of 912 cal/cc and pure PAAm water trimer mixtures is 370 cal/cc (see Fig. 12 ), much lower than PAMPS or water. In these units pure water is 580 cal/cc. Thus, PAAm basically dilutes the total cohesive energy of pure PAMPS/water mixtures and thus, it is not likely that a favorable non-covalent interaction is responsible for the enhanced fracture toughness. Tominaga et al. 67 measured in steady shear sweep mode from 10 −3 to 10 0 s −1 at room temperature the viscosity of solution-phase mixtures of PAMPS and PAAm and observed a maximum in viscosity when the volume ratio of solutions (PAMPS: PAAm) is between 1:15 and 1:3. Furthermore, they concluded that this ratio is within a similar molar ratio range over which the maximum in mechanical properties is observed in DN-gels 55 First-Principles Based Approaches to Nano-Mechanical and Biomimetic Characterization due to an increase in polymer concentration nor is it found in diluted solutions of pure PAMPS or PAAm. This is consistent with our findings as shown from our results in Figure 14 , reporting mixtures of PAMPS:PAAm prepared from several models with different molar and crosslink concentration ratios, optimized using conjugate gradient until 1e-4 RMS force convergence, heated linearly from 0 to 300 K in steps of 10 K using NVE plus a Langevin thermostat, equilibrated using NPT @1atm isotropic pressure, and simulated over 2 ns of NPT dynamics while applying the Muller-Plathe momenta exchange algorithm described in Section 4.1.3. The reported results dump, every 1000 fs, the cumulative momentum transferred between the bottom and middle of the simulation box. The thermostat was applied only to y and z directions. Figure 14 shows the converged quantities for shear viscosities ranging from 4.2-4.7 cP increasing as a function of PAMPS concentration, which is consistent with the idea that the primary mechanism for enhanced mechanical response of the DN hydrogel systems is not viscosity as a function of the two diluted polymeric component concentration ratios. with respect to the perpendicular momentum flux direction, at a given momentum flux, result in lower viscosities, and vice versa.
Stress-Strain Properties
The stress-strain analysis for these systems followed a hook-like curve, with an elastic region with low slope initial linear response in stress up to the proportional limit, followed by a plastic region with slight non-linear increase in stress dominated initially by the interatomic torsional energy components (uncoiling of polymer chains) and then by a larger increase dominated by bond energy contributions (polymer backbone C-C bonds) up until failure. Stress relaxation was evident by a time-dependent decrease in total stress during continued MD-NPT at a constant strain value beyond the proportional limit; this translated into a lower pressure in the strained direction while the volume remained constant (note that no pressure control is applied on the strained direction with the anisotropic NPT used). Stress-induced "plastic" flow was also observed, implying internal structure rearrangement, mostly through changes in torsional space. During this plastic regime the molecular structure conformation will dictate the degree to which it can deform through dislocations and changes in torsional conformations. The plastic region was more evident in the loosely cross-linked systems (i.e., more ductile) than for the highly cross-linked ones (brittle), since in the later these conformation changes are blocked from dissipating, leading to failure modes immediately after the elastic regime. Most of our DN models had non-null stress at zero strain, originating from extended PAMPS chains relative to the more coiled PAAm chains, requiring significant NPT relaxation steps to enable adjustments of the unit cell dimension in the strained direction. The water content of the hydrogel materials plays an important role in the permeability to oxygen and nutrients (see Fig. 6 ), and it also has an inverse proportional relationship to the elastic modulus as shown in Figure 15 . The instantaneous elastic modulus reported in Table IV was measured using the slope of the tangent to the stress-strain curve starting at zero strain and up to 2% strain deformation in the x direction. We note that the elastic modulus is higher than the values reported from experiment, and that this is influenced by the higher strain-rates used during the molecular simulations.
CONCLUSIONS
We have presented a multiscale theoretical investigation, using QM-based molecular mechanics/dynamics methods, on the role that various physical properties play in the development of scaffolds for high performing biomimetic hydrogels. In doing so, we considered fundamental criteria for optimum cartilage scaffold development, primarily the ability of the studied polymer-based hydrogels to provide a high-loading capacity (with Young's modulus in excess of ∼17 MPa) and an equivalent viscoelastic response to such loading (e.g., stress relaxation).
Our results demonstrate that the single component covalently cross-linked hydrogel networks studied, with the level of water wt-% equilibrium content expected for an in-vivo cartilage environment, do not provide the necessary strength capacity for cartilage scaffolding. On the other hand, we have also validated that the required mechanical regime is attainable from covalently cross-linked hydrogel networks synthesized from an appropriate mix of at least two interpenetrating polymer components. The basic idea relies on producing an initial stiff, and normally brittle, network and subsequently synthesizing a second soft, and normally ductile, interpenetrating network (i.e., inside of the first) to produce a stiff, yet ductile, network. The enhanced mechanical response from such DN hydrogel systems has been shown to depend on several factors, beyond the synthesis sequence, including: the chemical composition of the individual polymer components, the molar concentration ratio between the first and second polymer components used, the cross-linking density ratios achieved, and the percolation threshold driven by the available cross-linkages to the first component of the double network (which in turn requires specific radius of gyration for the interpenetrating polymer component and appropriate swelling conditions from the initial single polymer gel).
Other authors have presented different ideas, most of which were described in the introduction to this article, regarding the precise mechanism involved in the increased mechanical capacity of such DN hydrogels, yet we contend from our findings, that the most probable atomisticlevel mechanism involved is associated with the second polymer network reaching a percolation threshold during First-Principles Based Approaches to Nano-Mechanical and Biomimetic Characterization synthesis which results in covalent bonding between the two networks (c-DN) and leads to a more ductile retaining grid capable of dissipating localized failures from the first network.
Single chain statistics, such as the radius of gyration R g , of the second component, acrylamide for the test case presented, calculated from the RIS table of an AAm trimer, and the first-principles-based force field developed, yield sufficient information to support the observation that percolation thresholds play an important role in mechanical toughness. These single chain statistics combined with critical number densities from the "swiss cheese" continuum percolating model indicate that the gel point can not be achieved at low monomer concentrations for typical cross linker and initiator concentrations. The approach also provides an explanation for the unusual non-linear fracture energy of double network hydrogels. Both c-DN and t-DN hydrogels require a critical amount of cross-linker below which no significant fracture energies are observed. Our results point to the highest molecular weight at the lowest crosslink densities of the second network, consistent with critical percolation thresholds, as the means to achieve high performing double network hydrogels. The effect of covalent bonds in high-strength experimental hydrogels was evident from our stress-strain analysis on t-DN models, reaching elastic moduli beyond the regime of natural cartilage (∼30 + MPa) at higher water wt% equilibrium contents (∼90%). We further speculate that the unusual linear negative slope of the DN systems fracture energy above the percolation threshold is the result of kinetic effects during hydrogel formation (a "passivation" effect from crosslinking agent concentrations above the threshold); this will be the subject of our next publication.
Last but not least, our first-principles-based approach enabled us to study the role that bulk properties such as cohesive energy density and viscosity might play in the observed mechanical enhancement of DN. The results from calculating these properties for non-networked mixtures at the compositions, at which DN show significant enhancement in fracture energies, show no evidence of a non-linear increase in their magnitudes, that could be related to mechanical strengthening.
Our current effort involves using the developed multiscale methods, including our reactive force fields, to study the electrokinetics effects of charged species diffusion (e.g., counterions and nutrients) within the biphasic medium of the mechanically enhanced DN gels on their viscoleastic response, as well as potential molecular functionalization of their structure to control degradation kinetics. We contend that this first-principles-based de novo design approach, in conjunction with close experimental validation, will enable the development of optimized DN hydrogel candidates for articular cartilage scaffolding as well as an atomic level understanding of their performance.
